Abstract: Similar to Daphnia, many planktonic ciliates are algivores that occur in virtually every natural lake and reproduce primarily asexually. Due to their larger population size and shorter generation time, their significance as algal consumers and secondary producers may exceed that of Daphnia during algal blooms and when averaged over the season. The high reproduction rate, the ease of culturing, the accessibility to experimental manipulation, and the potential to apply sophisticated measuring techniques such as flow cytometry render some ciliate species ideal candidates for ecophysiological laboratory experiments. This paper summarizes recent research in which ciliates have been used as model organisms for investigating the effect of environmental key parameters on planktonic organisms. Special attention is given to the (combined) effect of temperature, food, pH and predators. Niche partitioning has been studied at the level of genus, species and clone. Open questions and emerging perspectives of ciliate research for issues of general ecological relevance will be discussed at the end of each section.
Introduction
Ecology seeks to understand the processes that determine the distribution and abundance of organisms in their natural habitats. Since it is impossible to study all potentially relevant ecological factors with every creature in every environment, ecological research is mainly confined to the study of primary processes in selected ecosystems, focusing on the major players in the food web. There are surprisingly few model organisms in aquatic ecological research in general, and in limnology in particular. Thanks to the work by Win-fried Lampert and his numerous colleagues worldwide, Daphnia has become a model organism of international freshwater ecology (Larsson & Weider 1995 , Lampert 2006 . Several main reasons for this success story are listed in Table 1 (see also Lampert 2006) .
Most of the statements hold true, with some modifications, for planktonic freshwater ciliates (Table 1) . Obviously, the unicellular ciliates do not carry eggs, but the equivalent of Daphnia's resting eggs are the ciliate cysts. A major difference between Daphia and freshwater ciliates is that the former consist of a well defined crustacean genus, while the latter comprise organisms belonging to different genera, families, and even classes. Oligotrich and prostomatid ciliates are the dominant taxa among the planktonic freshwater ci- liates in most natural fresh water lakes, reservoirs, rivers, and ponds (Laybourn-Parry 1992, Weisse & Müller 1998 , Weisse 2003 . Accordingly, if there are model organisms among planktonic freshwater ciliates, they should belong to the oligotrichs and prostomatids to fulfil the first of the criteria listed in Table 1 . The use of ciliates as model organisms has a long tradition, dating back to the seminal papers by Gause (1934) in population ecology and Sonneborn (1937 Sonneborn ( , 1957 on reproduction and inheritance, and the detection of cryptic species. More recently, the unicellular ciliates have been applied as model organisms for the more complex metazoa in cell biology, physiology and other biological disciplines (Hausmann & Bradbury 1996) . In aquatic ecology, little use has been made of the specific advantages that ciliates offer, in particular for experimental work.
This paper presents a synopsis of the ciliate research conducted at the Limnological Institute, University of Konstanz, Germany, at the Max-Planck Institute for Limnology, Plön, Germany, and at the Institute for Limnology of the Austrian Academy of Sciences, Mondsee, Austria, over the past 20 years. These three laboratories used freshwater ciliates to study questions of general ecological or ecophysiological relevance under comparable experimental conditions. A significant part of this work was inspired by previous and contemporary research of Winfried Lampert and his colleagues working with Daphnia at Konstanz and Plön. I will therefore use the above list describing the significance of Daphnia as a template to illustrate the potential of freshwater ciliates as (future) model organisms. The major goals of this paper are to (1) draw the reader's attention to the enormous potential ciliates offer for ecophysiological studies and (2) to suggest some perspectives for current problems and future work.
Methods
Results presented in this paper are mainly based on results and methods that have been published earlier in a different context. Ciliate sampling, counting and sizing were described in detail by Müller (1989) , Müller et al. (1991) and Weisse et al. (1990) . In situ growth rates of ciliates were measured in 4-l diffusion chambers at the mid-lake station (water depth 147 m) in the northwestern part of Upper Lake Constance (Müller & Weisse 1994 , Weisse 1997 , Weisse & Müller 1998 .
All protist species investigated in this study have been reared in the laboratory as non-axenic batch cultures. Most of the experimental studies referred to in this paper used non-clonal ciliate cultures. 
Results and discussion

Central roles of Daphnia and ciliates in pelagic food webs -evidence from field studies
The central role that Daphnia play in pelagic food webs of temperate and arctic lakes and ponds has been documented in many studies carried out mainly in Europe and North America (Lampert 1985 , Sterner 1989 , Larsson & Weider 1995 , Lampert 2006 . Prealpine Lake Constance (in German: Bodensee) is one of the lakes where the ecophysiology of Daphnia has been studied in great detail (summarized by Gaedke & Straile 1998 , Straile & Geller 1998 , Lampert 2006 . This lake served as reference ecosystem for the description of the seasonal succession of plankton (Sommer et al. 1986 , Sommer 1989 , in which the significance of Daphnia as algal consumers and fish food was portrayed. In particular, the finding that excessive grazing by Daphnia causes the 'clear-water' phase in meso-eutrophic lakes was made in Lake Constance (Lampert 1978 b, Lampert & Schober 1978 . The discussions of the Plankton Ecology Group (PEG), a working group affiliated to The International Association of Theoretical and Applied Limnology (Societas Internationalis Limnologiae, SIL) and The International Society for Ecology (INTE-COL), began in 1976 (Sommer et al. 1986 , Sommer 1989 , at the end of the International Biological Programme, i. e. well before the significance of ciliates and other protozoa in aquatic food webs was detected and studied in detail. It is therefore not surprising that protozoa received little attention in the PEG model. The empirical and theoretical investigation of the ecological role of heterotrophic protists in Lake Constance began within the Special Collaborative Programme "Cycling of Matter in Lake Constance" (1986 -1997 , Bäuerle & Gaedke 1998 , funded by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) . An early investigation demonstrated that ciliates are the most important consumers of primary production during the spring phytoplankton peak ). As in other lakes, the ciliate community in Lake Constance is, both numerically and in terms of biomass, dominated by oligotrich and prostome species (Müller 1989 , Weisse & Müller 1998 , Weisse 2003 . The overall significance of ciliates as the primary herbivores in this lake became obvious when experimental results were combined with various theoretical modelling analyses (Geller et al. 1991 , Gaedke & Straile 1994 , Gaedke et al. 1995 , Straile 1998 . Resulting from those joint efforts, it is now clear that ciliates contribute, on the annual average, more to the total consumption of algal biomass than Daphnia (Straile 1995 , Gaedke & Straile 1998 .
The importance of Daphnia for controlling seasonal plankton dynamics was reinforced at the turn of the last century when the response of lakes to me-teorological forcing associated with the North Atlantic Oscillation was studied (Straile 2000 , Straile & Adrian 2000 , Scheffer et al. 2001 . Based upon a refined recent analysis it now appears that, on the long term average, ciliates and rotifers may be of equal importance as Daphnia even for the onset of the clear-water phase in Lake Constance (Tirok & Gaedke 2006) . There are some years where Daphnia clearly dominate in the plankton in late spring and early summer, and there are other years in which ciliates and rotifers are the more important algal grazers during this period. In conclusion, with respect to the mechanisms that control the seasonal succession of phytoplankton in Lake Constance the attention has shifted from Daphnia to ciliates. There is no doubt that Daphnia play a major role as algal predators, but their overall significance is second to that of ciliates.
The joint investigation on Lake Constance and some other studies revealed that ciliates are not only the most important algal grazers, but that they are also the primary consumers of the heterotrophic nanoflagellates (HNF; Güde 1988 , Šimek et al. 1990 , Sanders & Porter 1990 , Cleven 1996 , Weisse 1997 . When their populations peak, Daphnia can decimate the standing stock of HNF within a few days, but their control of HNF dynamics is restricted to a relatively short period , Jürgens 1994 , Gaedke & Straile 1998 , Wickham 1998 .
In most natural lakes, both Daphnia and ciliates are generally more important as herbivores than as bacterivores. There is no doubt that small HNF are the primary bacterivores, exerting a strong top-down pressure on the bacterial community, particularly in oligotrophic to moderately eutrophic lakes (Sanders et al. 1989 , Weisse 1990 , Jürgens & Güde 1991 , Vaqué & Pace 1992 , Weisse & McIsaac 2000 , Weisse 2003 . In Lake Constance different estimates of the HNF grazing impact on bacteria consistently yielded that HNF remove 40 to 60 % of bacterial production , Jürgens & Güde 1991 , Straile 1995 , Simon et al. 1998 ). Similar to total herbivory, ciliates are, on the seasonal average, more important than Daphnia as bacterial grazers, cropping another 10 to 20 % of bacterial production (Straile 1995 , Simon et al. 1998 . Specialized bacterivorous ciliates can be major consumers of autotrophic and heterotrophic picoplankton (Sanders et al. 1989 (Sanders et al. , Šimek et al. 1996 (Sanders et al. , 1997 (Sanders et al. , 2000 . Highly efficient fine suspension feeding ciliates such as Strobilidium hexakinetum, Halteria spp. and several Vorticella species may ingest several thousand bacterial cells or several hundred picocyanobacteria ciliate -1 h -1 (Šimek et al. 1996, 1997, 2000) . The uptake and clearance rates of Halteria feeding on bacteria are approximately two orders of magnitude higher than the respective rates of typical freshwater HNF (Šimek et al. 2000) and three orders of magnitude lower than typical clearance rates of bacteria eating Daphnia (Güde 1988 , Jürgens 1994 . Accordingly, oligotrich ciliates can become the dominant bacterivores in freshwater systems when their abun- Viruses attack several components of the planktonic food web (broken lines and arrows). The pool of dissolved organic matter is replenished by various release processes (excretion, exudation, cell lysis, 'sloppy' feeding) and used as substrate by bacteria. There is no strict separation between the classical grazer food chain and the microbial food web, and ciliates and some other protozoa are at the interface of the two aspects of the pelagic food web. 'HNF' denotes the taxonomically diverse functional guild of heterotrophic nanoflagellates, the primary bacterivores (modified after Weisse 2003).
dance reaches approximately 10 cells ml -1 (Jürgens et al. 1999 , i. e. when their cell numbers exceed the abundance of Daphnia approximately 1000 ×. Compared to Daphnia, it is an important difference that bactivorous ciliates ingest bacteria smaller than 1µm, i. e. that they affect the dominant picoplankton size class. The bactivorous ciliates functionally belong to the microbial food web, the algivorous and omnivorous ciliates compete with rotifers, cladocerans and calanoid copeods for the same protist food, namely small (5 -20 µm), well edible algae such as cryptophytes and chrysomonads. Accordingly, the position of (prostome and oligotrich) ciliates is central in the pelagic food web (Fig. 1) .
The release of nutrients and DOC is ultimately linked to the grazing activity of planktonic filter feeders (Fig. 1) . The significance of 'sloppy feeding' by Daphnia for nutrient regeneration was first demonstrated in Lake Constance (Lampert 1978 a) . Quantification of the contribution of the various zooplankters to nutrient regeneration is an even more difficult endeavour than estimating their relative grazing impact (Hochstädter 1997 , Güde & Gries 1998 . It is clear that both Daphnia and ciliates contribute substantially to the release of nutrients and DOC in the epilimnion, but a direct comparison of their respective contribution requires too many assumptions to allow any firm conclusions (Güde & Gries 1998) .
The discussion above considered indirect interactions between Daphnia and ciliates, such as competition for the same algal and bacterial food. There is, however, also a direct link, because Daphnia feed upon most small and common planktonic ciliates and may thus control their population dynamics (Gilbert 1989 , Wickham & Gilbert 1991 , 1997 , Jürgens 1994 , Pace & Vaqué 1994 . In contrast to daphnids, most ciliates are too small and too transparent to fall victim to visually hunting fish species. The top-down control of ciliates and daphnids is therefore clearly different, with the latter being major predators of the former (Table 1).
To summarize this section, many aspects on the trophic role of Daphnia, which were discovered mainly in the 1970 s, were confirmed in a surprisingly similar manner for ciliates in the 1980 s and 1990 s. Until recently, our view of the pelagic food web was biased towards Daphnia; it now appears that ciliates are quantitatively the more important players in many aquatic ecosystems.
Populations of daphnids and ciliates have clonal genetic structuresthey are ideal objects for studies on gene flow, microevolution and local adaptation
Of the major algivorous freshwater taxa, only (calanoid) copepods reproduce exclusively sexually. Daphnia and rotifers are cyclic or obligate parthenoge-nics (De Meester et al. 2006) . Similarly, most planktonic freshwater ciliates reproduce asexually by cell division during the growing season. The outcome of asexual reproduction is, however, different between daphnids and planktonic ciliates. In the latter, cell division results in two new daughter cells, thus doubling the population number. In the former, the clutch size, i. e. the number of eggs in the brood chamber of the female Daphnia, may vary widely in response to the environmental conditions. The environmental impact on the clutch size was, for instance, investigated in seven alpine lakes in Portugal, which differed with respect to their food levels, predation pressure by fish on neonate and adult Daphnia and invertebrate predation on their eggs (Gliwicz & Boavida 1996) . The mean number of eggs per clutch of the dominant cladoceran, D. pulicaria, ranged from 1.7 to 4.8; several females carried > 15 eggs in their brood pouch. The large clutch size, relative to rotifers, enable Daphnia to increase their population numbers rapidly and to colonize new environments, such as many ponds and pools, efficiently. Note that, if the mean number of Daphnia offspring is 3, ciliates would have to divide twice in the same time period to increase their population size at the same rate.
The asexual reproduction is an adaptation to stable, favourable environmental conditions, under which a high food supply allows for a fast increase in population numbers. The clonal genetic structures of natural populations, which can be studied with population genetic methods, renders daphnids, rotifers, and ciliates ideal objects for studies on gene flow, microevolution and local adaptation. Stimulated by the pioneering work of Hebert (e. g. Hebert 1974 a, b) extensive use has been made of this advantage in Daphnia, and, to a lesser extent, in rotifers (reviewed by De Meester 1996). Daphnia populations living in intermittent habitats with a regular phase of sexual reproduction are usually characterized by high genetic diversity and relatively stable genotype frequencies that are close to the Hardy-Weinberg equilibrium. In contrast, permanent populations show low genotypic diversity, rapid seasonal shifts in the genotypic diversity, and gross deviations from the Hardy-Weinberg equilibrium (summarized in De Meester 1996 , De Meester et al. 2006 . Clonal selection leads to pronounced intraspecific genetic differences in Daphnia populations, both temporally and spatially. The general hypothesis, that asexual taxa possess more broadly adapted genotypes ("general purpose genotypes") was tested, and not supported, with obligate parthenogenetic clones of D. pulex (Weider 1993) . Analysis of the mitochondrial (mt) DNA variation of the same species provided evidence for both long-distance dispersal of some clones, over thousands of kilometers, and smaller scale biogeographic differences of other clones (Weider et al. 1996 and references therein). Local adaptation of Daphnia populations, i. e. genetic differentiation resulting from an adaptive response to local selective forces, was demonstrated for several ecologically relevant traits (De Meester 1996) . A recent investigation revealed shifts to cyanobacterial resistance from clones of D. galeata in Lake Constance during the period of approximately 40 years of its eutrophication and re-oligotrophication (Hairston et al. 1999) . The clones were hatched from dormant eggs that were buried in the lake sediments. In conclusion, it appears that "generalist" Daphnia genotypes coexist with "specialists" in many environments, and that the local genetic differentiation in ecologically relevant traits is more pronounced in Daphnia than in other zooplankton taxa (De Meester 1996) .
Analysis of the genetic population structure of aquatic ciliates, in contrast, is still in its infancy. This is not only for historic grounds, because ciliates have been overlooked in aquatic food web studies until recently, but also because they are smaller and more delicate to handle than the larger metazoan plankters. Moreover, the nuclear dimorphism of ciliates, with a micronucleus responsible for generative functions and a macronucleus with somatic functions, and the unique modes of their DNA evolution (Prescott 2000) complicate the comparative analysis of their genetic population structure. During macronuclear development, over 95 % of its genome may be destroyed, while the copy number of the rRNA gene may exceed 100,000 in some ciliates (Bleyman 1996) .
Ciliate genetics has been studied in great detail, but this was restricted mainly to the genera Paramecium, Tetrahymena, Euplotes, Oxytricha and Stylonichia ("the chosen few", Nanney 1980), which are less common or do not occur at all in the plankton of freshwater lakes. Isoenzyme electrophoretic patterns have been applied as diagnostic tools for the detection of cryptic ciliate species and to study questions of ciliate biogeography, but this could be done after cultivation only (Nanney et al. 1989 , Ammermann et al. 1989 ). More recently, the advent of molecular fingerprinting techniques such as random amplified polymorphic DNA (RAPD; Kusch & Heckmann 1996 , Kusch 1998 , Stoeck & Schmidt 1998 , Stoeck et al. 2000 and analysis of the mitochondrial DNA (Barth et al. 2006 ) confirmed the high intraspecific genetic variation in Paramecium, Euplotes, Stentor and some other species. The study by Barth et al. (2006) revealed a high interspecific divergence in the mitochondrial cytochrome c oxidase I (COI) sequences, while the non-coding, nuclear internal transcribed spacer (ITS) regions 1 and 2 were highly conserved. If the knowledge that has been gained with the heterotrich (Stentor), hypotrich (Euplotes), stichotrich (Oxytricha), hymenostome (Tetrahymena) and peniculid (Paramecium) ciliates is representative for the common oligotrich and prostome ciliates, the freshwater ciliate fauna should have a clonal population structure with potentially high genetic divergence among cosmopolitan species.
Ecophysiological laboratory investigations already demonstrated clonal divergence not only for strains from geographically distant lakes, but also for sympatric clones among common oligotrich and prostome ciliates (Weisse 2002 , Weisse & Lettner 2002 , Weisse & Rammer 2006 . These findings are similar to results obtained with some Daphnia populations, where genetic and ecological differentiation were recorded in spite of morphological stasis (Schwenk et al. 2004) . It is now clear that the morphospecies concept may dramatically underestimate the biological diversity of freshwater ciliates (Weisse & Rammer 2006) .
If microevolution and local adaptation play a role in freshwater ciliates is a matter of considerable debate (reviewed by . This issue is related to the significance of dispersal and the mode of reproduction. If the gene pool of each population is being swamped by new immigrants, (clone-specific) local adaptation to specific habitats and allopatric speciation should be of minor importance among free-living protists. Similar to the open question of the magnitude of gene flow between different metapopulations, the frequency and significance of sexual reproduction in the field is virtually unknown for most ecologically relevant ciliate species. Isoenzyme analysis provided diagnostic traits for the detection of sexual and asexual strains within a given (morpho)species , reviewed by Dini & Nyberg 1993 , Lynn 1996 . It is clear that amicronucleate ciliates, which do not possess a micronucleus that controls conjugation in ciliates, cannot perform sexual reproduction. The vast majority of micronucleate ciliates will undergo sexual reproduction occasionally, and it is generally assumed that sexual reproduction in ciliates is induced by deteriorating environmental conditions (Dini & Nyberg 1993) . However, the proximate factors that trigger sexual reproduction have not yet been studied with common planktonic species.
What is urgently needed is a rigorous test of local adaptation among globally occurring freshwater protozoa. The gene flow from new immigrants should be estimated and related to the frequency of sexual reproduction within a given ciliate population. The current challenge is to find markers and methods to adequately assess the gene flow and rate of adaptive mutations within common ciliate populations.
Ciliates as ecophysiological model organism -advantages and drawbacks, relative to Daphnia
The literature on the ecophysiology of Daphnia is immense, and this is the primary reason why Daphnia has become a model organism for aquatic ecology. The feeding ecology, swimming behaviour including diel vertical migration, respiration, excretion, reproduction, competition, and defence strategies against vertebrate and invertebrate predators have all been studied in great detail with various Daphnia species (reviewed by Larsson & Weider 1995 ,  Gliwicz 2003 a, Lampert 2006) . The temperature reaction norm, the numer-ical response (growth rate vs. food concentration), and the functional response (ingestion rate vs. food concentration) have been characterized for most common daphnid species. In comparison, similar investigations are available for only a handful of ciliate species (discussed below).
Ciliates are considerably smaller than Daphnia, and this is beneficial or disadvantageous for the researcher, depending on the research topic addressed. Most dominant freshwater ciliates cannot be identified easily and handled individually, due to their tiny cell size. The more difficult detection and identification, often requiring sophisticated staining techniques (foissner et al. 1999) , and the taxonomic experience needed render it more difficult to isolate new strains and to establish ciliate cultures than to establish cultures of most daphnids, copepods, or rotifers. Once isolation was successful, many ciliate species can be kept in the laboratory for long periods. Although it is relatively easy for a skilled experimenter to pipette individual cells of 20 or 30 µm length out of a suspension under a stereo microscope, the current methods used in ecophysiological experiments are usually not sensitive enough to allow analysis at the single cell level. Experimental results are therefore assessed at the population level, i. e. the experimental outcome is averaged over the population. This is an advantage because, due to the usually large ciliate cell numbers used in ecophysiogical experiments, the results may be more representative for a species than when a few individual organisms are investigated. An important exception from this rule is the analysis of clonal cultures; in this case, all cells are genetically identical in short term experiments, and the measured experimental mean is comparable to results obtained for individual Daphnia. A drawback of the 'population approach' is that the individual variation is neglected. From a conceptual point of view, this approach is unsatisfactory, because natural selection does not select for the mean (Weisse 2002) .
Sophisticated optical techniques are now available to analyse protists at the single cell level (reviewed by Weisse 2002 Weisse , 2003 . Video microscopy has been applied to measure the feeding process of individual protozoans a, b, Boenigk et al. 2001 . This technique revealed a large individual variability among heterotrophic flagellate populations (Boenigk 2002 , Boenigk & Arndt 2002 . Flow cytometry combines the advantages of the large population size with the analysis of individual cells. With this technique, it is possible to measure cell size, surface properties and various cellular constituents of several thousands of protist cells individually within one minute (Reckermann & Colijn 2000 , Shapiro 2000 , Marie et al. 2005 . In combination with cell sorting, live cells can be sorted out of a suspension; this method has been applied successfully to establish clonal cultures of freshwater ciliates (Lindström et al. 2003) . When flow cytometry was applied to measure the uptake of algae by herbivorous protists due to the increase of algal induced autofluorescence, a high individual variability became apparent (reviewed by Weisse 2002) .
Drawbacks of the optical techniques in general, and flow cytometric cell sorting, in particular, are their high costs and the advanced expertise needed. Although modern video microscopy devices and flow cytometers are relatively easy to operate, a deeper understanding of the techniques is a prerequisite to obtain unbiased results and to condense and analyze the immense information stored electronically in a meaningful manner. Clearly, all this is a disadvantage compared to Daphnia and copepods which can be identified and manipulated more easily. A corollary of these facts is that at present many more researchers work with Daphnia than with freshwater ciliates.
Ecophysiology -The temperature response of freshwater ciliates and Daphnia
The temperature response of prostome and oligotrich ciliates has been studied in considerable detail. Growth rates of planktonic freshwater ciliates vary widely and show species-specific adaptations (Fig. 2) . Maximum growth rates reported are close to 3 d -1 (Fig. 2 A) , equivalent to approximately 4 cell divisions d -1
. The temperature where growth rates peak can differ by as much as 12-15˚C within closely related species (compare Urotricha farcta, Fig. 2 A, with U. castalia, Fig. 2 C) . In spite of their different temperature optima, both species, like most of the others investigated thus far, are tolerant to a relatively wide range of temperatures. Indications for warm water and cold water species are rare among common freshwater ciliates. The prostome species Balanion planctonicum from subalpine lakes in central Europe did not tolerate temperatures > 22˚C (Fig. 2 D) , and the oligotrich Meseres corlissi isolated from the Dominican Republic did not grow at temperatures < 15˚C (Fig. 2 G) . Fast growing species such as U. farcta (Fig. 2 A) and Rimostrombidium lacustris (Fig. 2 H) coexist in many lakes with slowly growing species such as Coleps spetai or the scuticociliate Histiobalantium sp. (Müller & Weisse 1994) , which was later identified as H. bodanicum (Krainer & Müller 1995) . Under food-replete conditions, most freshwater ciliates divide once or twice per day when they are close to their temperature optimum. Fig. 2 illustrates that there are not only obvious species-specific differences, but that the temperature response may also vary within a given species. The intraspecific differences may be relatively minor (Fig. 2 D, H ), but they can also reach similar magnitude as interspecific differences (Fig. 2 B) . Fig. 2 E shows growth rates only of the fastest growing of four clones of C. spetai that have been investigated in parallel; the temperature response of this species was clone-specific (Weisse & Rammer 2006) . This study and similar investigations revealed significant differences in clonal growth rates among prostome and oligotrich ci- liates (reviewed by Weisse 2002) . The consequences of seemingly minor differences in growth rates of exponentially growing ciliates have been demonstrated recently (Weisse & Rammer 2006) ; if there is a clone that contributes initially 1 % to total population cell numbers and this clone grows at a rate 10 % faster than the average cells of this population, the fast growing clone may reach 50 % of the total abundance within two weeks.
In Daphnia, individual and population growth are closely coupled. Under saturating food conditions in the laboratory, maximum somatic growth rates of temperate Daphnia clones are close to 0.7 d -1 and peak between 23 and 26˚C (Mitchell & Lampert 2000) . This study revealed relative clonal differences in the temperature response of D. magna that are comparable to the results obtained for ciliates. Intrinsic rates of (population) increase (r) of several Daphnia species measured in the laboratory at temperatures ≥ 20˚C vary widely, ranging from < 0.1 to 0.44 d -1 (reviewed by Lennon et al. 2001) . Enclosure experiments in McDaniel Lake, Missouri, revealed maximum r of 0.47 d -1 for the native D. parvula and 0.53 d -1 for the exotic D. lumholtzi, respectively, in the temperature range 24 -27˚C (Lennon et al. 2001) . Such high intrinsic growth rates are rarely reached in situ, because most daphnid populations appear to be food limited in natural lakes during the better time of the year (Boersma & Vijverberg 1994 , Müller-Navarra & Lampert 1996 , Saunders et al. 1999 .
The temperature reaction norm of freshwater prostomes and oligotrichs (Fig. 2) shows an asymmetric shape, which is similar to the temperature response of Daphnia and other ectotherms (Huey & Kingsolver 1989 , Mitchell et al. 2004 and references therein): typically, there is a linear increase from the minimum temperature normally experienced in situ to the maximum growth rates, followed by a narrow or broader plateau and a sudden decline at temperatures beyond the maximum, when key enzymes denature (Huey & Kingsolver 1989 , Somero et al. 1996 , Montagnes et al. 2003 . The temperature of maximum performance or response (TMR), at which growth rates peak, is considered to represent the temperature optimum (Huey & Kingsolver 1989 , Mitchell et al. 2004 ). The TMR of Daphnia is often high, compared to typically experienced temperature ranges (Mitchell et al. 2004 ). As Atkinson (1996) pointed out, it is misleading to equate the TMR with the temperature optimum, because rates of survival (as a proxy for Darwinian fitness) often decrease considerable at this temperature. Recently, Weisse (2004) concluded from his study on the temperature response of the oligotrich ciliate Meseres corlissi that the peak of the gross growth efficiency (GGE) may represent the temperature optimum. The GGE denotes the efficiency of food convertion, i. e. it is the ratio between production and ingestion (both can be expressed in units of biovolume, dry weight or carbon content). In M. corlissi, the GGE was reduced at the temperature extremes. Straile (1997) concluded from a literature review that the GGE of ciliates decreases with temperature, but he also pointed to the uncertainty inherently involved in any estimate of the GGE. Food quantity and quality, i. e. the nutritional composition of food and relative predator/prey size, also affect GGE (Gismervik 2005) . Obviously, more research is needed with different species to reveal if there is a general relationship between temperature and GGE. The data available for freshwater ciliates (Fig. 2) do not show high TMR, rather, the temperature response of the ciliate species appears to be adapted to the conditions in their natural habitat.
Direct comparisons of temperature dependent maximum growth rates measured in the laboratory with gross population growth rates realised in situ have been reported for B. planctonicum, U. furcata and H. bodamicum (Müller & Weisse 1994 , Weisse & Müller 1998 . These studies showed that in situ growth of planktonic ciliates may reach maximum rates, provided that there is plenty of edible food. In mesotrophic and eutrophic temperate lakes such as L. Constance this situation is typical of the spring season, when small edible algae peak (Fig. 3) . In this lake, food limitation reduces the in situ growth rates at higher water temperatures in summer , Weisse & Müller 1998 . Due to seasonal shifts in the taxonomic phytoplankton composition, the summer chlorophyll peak contained a higher percentage of larger algae that were inedible for most planktonic ciliates. For temperature sensitive species such as B. planctonicum (Fig. 2 D) and H. bodamicum nega- Fig. 3 . In situ population growth rates of dominant ciliate taxa in Lake Constance during 1992-1993 in relation to surface temperature and chlorphyll-a concentration (T. Weisse, unpubl. original).
tive population growth rates were measured repeatedly in summer (Fig. 3) . Near maximum growth rates of freshwater ciliates have been reported from highly eutrophic lakes and ponds (Arndt & Nixdorf 1991 , Jürgens et al. 1999 . In most natural freshwater systems it is, at present, not possible to accurately predict the population growth rates of ciliates from laboratory derived maximum growth rates, but it appears safe to conclude that ciliates are food limited in most natural environments. The same conclusion holds true for Daphnia; averaged over the year, the estimated biomass turnover time (B/P ratio) of daphnids in Lake Constance is approximately four times longer than that of ciliates (Geller et al. 1991 , Gaedke & Straile 1994 .
The interactive effect of temperature and food concentration on ciliate growth rates was studied with U. farcta in the laboratory . The numerical response, the cell volume and the cell production rates were all significantly affected by the interaction between temperature and food. The threshold food concentration increased at both ends of the temperature range investigated; in particular, it was more than tenfold shifted up at the highest temperatures tested (21 and 24˚C). A combination of high temperature and moderate food levels, therefore, resulted in negative growth and production rates. This study confirmed results from similar experiments with Daphnia (Orcutt & Porter 1984 , Achenbach & Lampert 1997 , Giebelhausen & Lampert 2001 ) and rotifers (Stelzer 1998) .
The results reported in Fig. 2 were measured under constant experimental temperatures. This is a simplification which does not represent the field situation in many smaller water bodies, where diel temperature fluctuations are common during the better part of the year. The effect of fluctuating water temperatures on growth and production rates was investigated with U. farcta and U. furcata (Montagnes & Weisse 2000) . Moderately fluctuating temperatures ( ± 3˚C difference between day and night) stimulated growth and production rates in two of the four strains studied, but there was no universal trend that could be used to predict the temperature response of ciliates under daily changing environmental temperatures.
The direct effect of food
The relative significance of Daphnia and other cladocerans, calanoid copepods, ciliates and rotifers as algal consumers depends on the trophic state of lakes (Porter et al. 1988 , Weisse 2003 . Zooplankton biomass is controlled bottom-up because the various zooplankters need different critical food concentrations to thrive; secondly, zooplankton biomass is controlled top-down due to selective grazing pressure by fish and invertebrate predators. The individual threshold is the food concentration at which the energy gain by assimilation compensates for the metabolic losses by respiration (Lampert 1977 a, b) . The same author defined the population threshold as the food concentration above which the population size may grow, i. e. where production compensates for losses due to senescence and predation. Accordingly, the population threshold realized under usually suboptimal conditions in situ is higher than the individual threshold measured under optimal conditions in the laboratory. In protists and rotifers, the approach is slightly different, because, in most species, threshold levels cannot be assessed with individuals. The threshold food concentration for ciliates and rotifers is determined experimentally as the food concentration which results in a positive population growth rate (e. g., Stemberger & Gilbert 1985 a, . The threshold food concentrations of rotifers are highly variable among the different taxa, ranging from 0.03 -0.5 mg C l -1 (assuming that carbon content is 50 % of dry weight), and increase with rotifer size (Stemberger & Gilbert 1985 a, b, 1987 , Rothhaupt 1990 . This is opposite to daphnids, where threshold concentrations decrease with size; Gliwicz (1990) reported threshold concentrations of 0.16 -0.04 mg C l -1 for 8 daphnid species over a tenfold range in individual body mass (see also Gliwicz 2003 b) .
The numerical response, i. e. the relation of growth rates versus food concentration, has been studied with several prostome and oligotrich freshwater species under comparable experimental conditions (Fig. 4) . Overall, the numerical response of the species investigated thus far are relatively similar; most threshold levels fall into the range of < 0.01-0.1mg C l -1 , and saturation is reached in the range of 0.4 -0.8 mg C l -1 (Fig. 4) . The high food threshold reported for U. furcata may be an artefact because the majority of cells in this ciliate population stopped feeding when a critical food concentration was reached, but the population did not collapse (Weisse et al. 2001) . Similar to the temperature response, the two studies with B. planctonicum (Müller & Schlegel 1999 , Weisse et al. 2001 shown in Fig. 4 suggest that the numerical response may differ among different strains of the same species.
The data available for planktonic ciliates indicate that there is no obvious relationship of the threshold food concentrations to cell size (Fig. 5) . The majority (15 out of 28) of the studies shown in Fig. 5 reported threshold food concentrations of < 30 µg C l -1 , only 5 studies found threshold food concentrations > 100 µg C l -1
. Most of the ciliate threshold food concentrations thus fall into the range reported for daphnids and small rotifers. Considering that the results for the various taxa were obtained under laboratory conditions that are not directly comparable (e. g., different food quality and experimental temperature), it may be premature to draw any safe conclusions on the competitive ability of ciliates, relative to that of their metazoan competitors. Direct evidence from field studies is still lacking, but the scarce data available from comprehensive in situ investigations suggests that the population threshold of ciliates may be lower than that of their metazoan competitors, as it has been observed that ciliates appear to dominate secondary production in oligotrophic lakes (Weisse 2003) . It is, however, important to note that the threshold food concept is only one criterion to predict the competitive ability of zooplankton in situ. The ability to withstand starvation, temperature stress, predation pressure or otherwise unfavourable environmental conditions may be equally important in determining the long term persistence of the various species.
The effect of food quality constraints was studied in depth with Daphnia (reviewed by Gulati & DeMott 1997 , Sterner & Schultz 1998 , Sterner & Elser 2002 , Lampert 2006 . Early research focused on the effect of prey cell size in relation to body and filter mesh size of cladocerans, the effect of interfering particles such as filamentous and/or toxic cyanobacteria, the constraints of mineral limitation (e. g. Sterner 1993 , DeMott et al. 1998 , Hessen et al. 2000 , in particular phosphorus limitation , Sterner & Elser 2002 , and, in recent years, on the effect of limitation by highly unsaturated fatty acids (Brett & Müller-Navarra 1997 , von Elert 2002 , Müller-Navarra 2006 , and the interactions between those two (Becker & Boersma 2003 . The interactive effect of phosphorus limitation and predator-prey interactions has also been studied with Daphnia (Jeyasingh & Weider 2005) .
The PEG model (Sommer et al. 1986 ) suggested that Daphnia feed efficiently on small cryptophytes and diatoms, but surprisingly little is known on the significance of diatoms in the diet of Daphnia (Carotenuto & Lampert 2004) . These authors reported that the green alga Scenedesmus obliquus was a better carbon source for D. pulicaria than any of their six diatom species tested. Neither the morphological differences of the diatoms nor the presence or absence of polyunsaturated aldehydes had any significant effect on the ingestion rates of D. pulicaria. Carotenuto & Lampert (2004) conclude that the role of diatoms in the diet of Daphnia may change seasonally; small, single-celled species typical for the spring peak in temperate lakes will be ingested unselectively together with flagellates such as cryptophytes. The larger, colonial diatoms dominating during summer may be largely prevented from grazing by Daphnia.
Compared to Daphnia, the various and interacting effects of food quality received hitherto little attention in ciliate research. Laboratory investigations showed that small cryptophytes and chrysophytes are easily ingested and support high growth rates of many freshwater ciliates, while diatoms seem to be inadequate food for most species (Skogstad et al. 1987 , Müller & Schlegel 1999 . This conclusion is supported by direct experimental evidence and indirect observations from the field , Weisse & Müller 1998 . The effect of the food stoichiometry and the fatty acid composition of prey on growth and production rates are areas for future research with ciliates, possibly using the models developed by Grover & Chrzanowski (2006) .
The formation and significance of cysts in the life cycle of freshwater ciliates
Many Daphnia, copepods, rotifers and some other zooplankton taxa form diapausing eggs which are deposited in the lake sediments and may remain viable for several decades (reviewed by Hairston 1996) . Diapausing eggs are an important part of the life strategy that enable those taxa to survive unfavourable environmental conditions, e. g. periods of food shortage or when ephemeral water bodies dry up. Similar to those metazoan taxa, many ciliates form resting cysts when environmental conditions become adverse . The potential significance of cyst formation for the life strategy of planktonic ciliates was detected only recently. If the knowledge gained with metazooplankton is applied to ciliates, temperature, food, daylength, and predator avoidance are candidates as the main proximate factors controlling their encystment and excystment. While resting cysts are known from several loricate and aloricate oligotrich ciliates, the complete encystment-excystment cycle has been studied in only 5 aquatic species, including Pelagostrombidium fallax (Müller 1996 , Müller & Wünsch 1999 , Müller 2002 , Müller et al. 2002 as the only species from freshwater lakes. Two populations of P. fallax, in prealpines Lakes Constance (Germany) and Mondsee (Austria), developed distinctly different seasonal patterns of cyst formation in response to the seasonal development of the entire plankton communities of these lakes (Müller et al. 2002) . Cyst age was identified as the most important factor controlling excystment of this ciliate (Müller 2002) . Cysts older than 3 months excysted spontaneously at 4˚C in the dark, while a temperature stimulus was necessary to trigger excystment of younger cysts. Müller (2002) concluded that the period of dormancy of Pelagostrombidium sp. in temperate lake sediments usually does not exceed 6 months. It remains to be seen if other ciliates deposit long-lived resting cysts that may be functionally comparable to the diapausing eggs of Daphnia. Similarly, the role of cysts for the long distance dispersal of freshwater ciliates is an area for future research.
Recent observations with the rare oligotrich ciliate Meseres corlissi, which occurs in freshwater but is not a typical planktonic species (Weisse 2004) , revealed intraspecific differences between tropical and temperate strains in the proximate factors triggering encystment. In the tropical strain, encystment was induced when temperature dropped below 20˚C (Weisse 2004) ; growth, encystment, excystment and cyst survival of two temperate strains depended strongly on the presence or absence of soil components in the culture medium, while temperature was unimportant ). These differences Fig. 6 . The relative effect of major environmental parameters of growth rates of small Urotricha species (K. c. = Keratella cochlearis, K. qu. = K. quadrata). The solid bars denote the reduction of maximum population growth rates when the environmental parameters become unfavourable. The seasonal variation of the respective parameters encountered in prealpine lakes is indicated on top of the bars; if, e. g., the pH increases from 7.4 to 8.4, growth rate is reduced to 76 % of its maximum. Similarly, the presence of 10 rotifers ml -1 reduced the ciliate growth by 14 -24 %. The experiments on the effect of pH, temperature and food were performed with U. farcta (Weisse & Stadler 2006 and references therein) , the experiments with the rotifers were conducted with U. furcata (Weisse & Frahm 2002). were interpreted as local adaptation of two morphologically and genetically indistinguishable, but geographically distant populations of a cosmopolitan, but rare ciliate species. Due to the unusual ultrastructure and biochemical composition of the resting cysts of Meseres that has been studied in detail , Foissner 2005 , this species may serve as model organism for future studies on the ontogeny of ciliate resting cysts and may also cast new light on ciliate phylogeny.
The relative significance of major environmental parameters for the population dynamics of freshwater ciliates
The various ecophysiological investigations with Urotricha spp. reported above have been conducted under similar laboratory conditions, i. e. with similar food, small Cryptomonas spp., and at similar temperature (12.5-16˚C) and light (12 : 12 or 14 : 10 L : D cycle, moderate light intensity) conditions. It is thus possible to evaluate the relative significance of each of the major environ-mental parameters for the population dynamics of the ciliates, assuming realistic seasonal changes in situ for each parameter. Of the factors studied thus far, temperature and food had the strongest impact on the ciliate population growth rates (Fig. 6) . The overwhelming importance of temperature and food has been confirmed with several other prostome and oligotrich freshwater species (Figs 2 and 4) . Relative to the other environmental factors, the effect of pH on the distribution and ecophysiology of aquatic ciliates has been studied only little. The pH impact on growth rates appears to be minor within a given water body at circumneutral pH, but may restrict the occurrence and distribution of freshwater ciliates in contrasting environments (Weisse & Stadler 2006) .
Both rotifer species reduced the growth rate of U. furcata moderately, probably primarily by direct feeding on the ciliates. Note that the rotifer impact was minor on small Urotricha spp., but may control the population dynamics of other, similar sized ciliate species (Weisse & Frahm 2002 ). In contrast to interactions between daphnids and rotifers and daphnids and ciliates, the potential feeding relationships between rotifers and ciliates have been studied only slightly. Arndt (1993) , , and Stenson & Svensson (1995) investigated feeding of predatory rotifers on some ciliates. Gilbert (1994) demonstrated that some oligotrich ciliates use a jumping behaviour to escape ingestion by rotifers. Indirect interactions such as exploitative competition between rotifers and ciliates have been studied only little (Weisse & Frahm 2002) .
Conclusions
The dominant prostome and oligotrich freshwater ciliates show, in many respects, astounding similarities to daphnids. Their overall significance in the planktonic food web as consumers of protist prey, as secondary producers and as nutrient remineralizers is similar. While the role of ciliates in the food web has been investigated in some detail, the life strategy, biochemistry and molecular genetics of ciliates are clearly understudied. The life cycle of ciliates, with its sequence of asexual and sexual stages, and the occurrence of resting stages during unfavourable environmental conditions, is also remarkably similar to that of Daphnia. The significance of sexual reproduction and cyst formation is, however, poorly understood for planktonic ciliates. Due to their, relative to Daphnia, even shorter generation time, larger population numbers and smaller size, ciliates offer some specific advantages that should be explored in future ecophysiological and genetic studies. For instance, since many ciliates divide twice or thrice per day, their adaptive response to changing environmental conditions can be studied experimentally over many (~1000) generations within one or two years. There is reason to hope that the long tradition of using ciliates as model organisms will be rejuvenated in aquatic ecology -this contribution is an attempt towards this ambitious goal.
